&> ChemPubSoc CHEMPHYSCHEM
| Europe DOI: 10.1002/cphc.201600184 Reviews

ok

Very Important Paper
‘The Physics and Physical Chemistry of Molecular Machines

R. Dean Astumian,* Shayantani Mukherjee,*®™ and Arieh Warshel*™

Chemistry,
9
gl

4
S PR 2
Unlzzrs(e)
ey \
kg —>
T,D,E, § er| 7 ef
P
(@]
Ue,10,(0) K
-240° -160° 120° 200
mechanical rotation
D1 E2T (e} o o (e} (e} o o (e} (o] (e} o o o
-360 -280° -240 -160" -120 -40 0 80 120 200" 240 320 360

Mechanical Rotation, 6

ChemPhysChem 2016, 17, 1719 - 1741 Wiley Online Library 1719 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0001-7472-187X
http://orcid.org/0000-0001-7472-187X
http://orcid.org/0000-0001-7472-187X

:;SV{: Chemgu bSoE

The concept of a “power stroke”"—a free-energy releasing con-
formational change—appears in almost every textbook that

deals with the molecular details of muscle, the flagellar rotor,

and many other biomolecular machines. Here, it is shown by

using the constraints of microscopic reversibility that the

power stroke model is incorrect as an explanation of how
chemical energy is used by a molecular machine to do me-

chanical work. Instead, chemically driven molecular machines
operating under thermodynamic constraints imposed by the

reactant and product concentrations in the bulk function as in-

formation ratchets in which the directionality and stopping
torque or stopping force are controlled entirely by the gating

of the chemical reaction that provides the fuel for the ma-

1. Introduction

One of the most important features of a living system is its
ability to harvest energy from the environment to do work and
to form structure. These tasks are accomplished in biological
systems by molecular machines such as myosin and kinesin,"?

the F_F, ATP synthase,” the bacterial flagellar motor, the ribo-

[5] (6]

some,” and various DNA and RNA processing enzymes,
among many others. Recent work has described great progress

in accomplishing the synthetic imitation of some of these re-
markable devices.”"¥ At first glance, it would seem that a phys-

ical theory for molecular machines must be extremely compli-
cated and requires a strong focus on the fact that the chemical
driving forces that provide the energy to fuel the machines are
very far from thermodynamic equilibrium." In fact, however,
the “physics” of a chemically driven molecular machine—its
equation of motion—is very simple:'

O U + V2D T (1)

In Equation (1), ¥ is the vector comprising the relevant de-
grees of freedom of the machine, v is the coefficient of viscous

—

friction, f(t) is random thermal noise, the components of

which are given by independent normalized Gaussian distribu-
tions, and —VU(T) is the force due to the gradient of a single,
time-independent, potential energy surface, U(r).

Equation (1) reflects an important assumption about the
regime of motion in which a molecular machine carries out its
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chine. The gating of the chemical free energy occurs through
chemical state dependent conformational changes of the mo-
lecular machine that, in turn, are capable of generating direc-
tional mechanical motions. In strong contrast to this general
conclusion for molecular machines driven by catalysis of
a chemical reaction, a power stroke may be (and often is) an
essential component for a molecular machine driven by exter-
nal modulation of pH or redox potential or by light. This differ-
ence between optical and chemical driving properties arises
from the fundamental symmetry difference between the phys-
ics of optical processes, governed by the Bose-Einstein rela-
tions, and the constraints of microscopic reversibility for ther-
mally activated processes.

function, that is, the assumption that the velocity (NOT acceler-
ation) of each relevant degree of freedom is proportional to
the force that causes it. This is the regime in which Onsager
derived his reciprocal relations,"® and is also the regime in
which the Onsager-Machlup thermodynamic action theory!”
is valid. The inertial force m% is very small (negligible) in com-
parison to the viscous drag force yj—f, and hence does not
appear in Equation (1). This regime of motion was explored
beautifully by Purcell in his paper “Life at Low Reynold’s
Number”."® The effect of the solvent is modelled in terms of
the viscous drag coefficient, y, and thermal noise, \/ﬁ(t),
with a fluctuation dissipation relation between the viscous
drag coefficient and the amplitude of thermal noise, yD = kgT.
All energies in this paper are given in units of the thermal
energy kgT, where kg is Boltzmann’s constant and T is the
Kelvin temperature.

It is important to note that Equation (1) describes a mechani-
cal equilibrium theory—the average net force is zero,
(V%IJr VU(r)) = 0, about which there is Gaussian distributed
thermal noise ?(t). All of the information about how the struc-
ture relates to the mechanism is contained in the energy func-
tion U(F). In the zero noise limit, the system would inexorably
find a local energy minimum and remain there forever. The
transitions between minima that are necessary for the molecu-
lar machine to carry out its function require thermal noise, and
hence all chemically driven molecular machines in water, the
functions of which are described by Equation (1), are properly
termed “Brownian Motors”."?2"

The Langevin equation [Eq. (1)] expresses completely the
“physics” of a chemically driven molecular machine. Many au-
thors, however, seem to be looking for a description in terms
of classical mechanics,” and this is what cannot be given, for
the simple reason that the problem of mechano-chemical cou-
pling by an enzyme is NOT a problem of classical mechanics. It
makes almost as little sense to seek a mechanical description
of the coupling between a chemical reaction and the motion
of a molecular machine in water as it does to seek a mechanical
description of the diffraction of an electron. Quantum mechan-
ics is of course fundamentally not mechanical but rather prob-
abilistic, whereas the thermodynamics and kinetics of molecu-
lar machines are only practically probabilistic rather than me-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/cphc.201600184
http://www.chemphyschem.org

\\;} ChemPubSoc

chanical. In a full molecular dynamics simulation involving all
degrees of freedom of both the protein and of the molecules
in the solution, the dynamics would be described by Newton's
equations of motion in which acceleration and not velocity
appear, but the impracticality of a classical mechanical descrip-
tion in terms of Newton'’s equations (or Lagrange’s or Hamil-
ton’s) is overwhelming. There are 10¥-10% collisions®®? each
second between water molecules and a molecular machine
like myosin, the flagellar motor, or kinesin, and any attempt to
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model the system in terms of Newton’s equations for longer
than a few picoseconds is doomed to failure.

The principle of microscopic reversibility™ provides a solid
foundation for development of a thermodynamic theory for
molecular machines. For an over-damped system described by
Equation (1), Bier et al.*” used the Onsager-Machlup thermo-
dynamic action theory"” to derive Equation (2):

PI=0) " Ft=t)] _ ueyu) {P“ﬁ - ﬂ
Plre=t) “(t=0) AR

for motion on a potential energy surface U(F) where ¥ and 7"
are two arbitrary points. Both the numerator and the denomi-
nator on the left hand side of Equation (2) depend on the path
r(t) and on the interval t;, but the ratio depends on neither
and is a state function that depends only on the difference in
the energies of the initial and final states and on the tempera-
ture, which is subsumed in our energy units kgT. The ratio in
the third identity has been enclosed in brackets as only the
ratio makes sense—the notation P(r — r') alone makes little
sense without specification of r(t) and of t;. Because the ratio
is a state function, the identity holds also for the ratio of the
integrals of the numerator and denominator over all r(t) and
t;. Note that Equation (2) can also be very easily derived by
using the principle of detailed balance at equilibrium. Al-
though this derivation uses knowledge of the behavior of the
system at equilibrium, Equation (2) itself, while requiring me-
chanical equilibrium, holds arbitrarily far from thermodynamic
equilibrium

Although the physics and physical chemistry of chemically
driven molecular machines are actually quite simple, the mech-
anism by which these tiny machines work is contrary to our
macroscopic experience, to the way light-driven molecular ma-
chines are shown to work, and to expectations based on ex-
perimental responses following external changes in the envi-
ronment. It is the deviation from what we perceive to be
“common sense”, and even from what seems to be supported
by experimental observation, that leads to much confusion in
the literature. To firm up the understanding of what Equa-
tions (1) and (2) tell us about the mechanism of molecular
motors and rotors, let us consider a specific example involving
recent computational work on the F, ATPase, a component of
the FF, ATP synthase found in the mitochondria. This molecu-
lar machine uses a proton electrochemical gradient to provide
the energy for synthesis of ATP, the major storage form of
chemical energy in a cell.”’

2. F, ATPase, an ATP-Driven Molecular Rotor

In principle, there may be many degrees of freedom incorpo-
rated in the vector ¥ in Equation (1), but as Bier and Astu-
mian,”? and contemporaneously Marcello Magnasco,”” sug-
gested (see also ref.[28]), and as elaborated by Keller and Bus-
tamante,”” the problem often reduces to coupling between
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only two effective coordinates: one describing the mechanical
motion—rotation in the cases of the F, ATPase and the bacteri-
al flagellar motor, or translation in the cases of kinesin, myo-
sinV, and other molecular walkers; and one describing the
chemical reaction—proton transport or ATP hydrolysis. For
the purposes of this discussion, let us consider a mechanical
coordinate @ and a chemical coordinate & such that
F(t) = (0(t),E(t))", where superscript T denotes transpose. This
approach is well illustrated by recent work on the F, ATPase®™”
where Mukherjee and Warshel have computationally investi-
gated the energy of F, ATPase in many of its possible rotation-
al and chemical state dependent conformations. Their key
result is shown in the potential energy landscape in Figure 1a,
where the horizontal axis represents mechanical rotation of F,
ATPase, and the vertical axis represents the transitions be-
tween the different chemical states.

The energy surface shown in Figure 1a is an equilibrium pic-
ture of the system—there is no net tilt along either the chemi-
cal or the mechanical coordinate. Even so, the landscape tells
us much of what we need to know about the coupling. The
deep zigzag energy valley in blue for the wells (states) and
green for the saddle points (transition states) is the hallmark
signature of a Brownian motor.”® This pattern shows that
under circumstances where it is more likely to bind ATP and re-
lease ADP and Pi (Pi=inorganic phosphate) than it is to bind
ADP and Pi and release ATP (i.e., where the chemical potential
of ATP is higher than that of ADP and Pi) there will be net
clockwise (positive) rotation in the absence of an applied
torque. The most probable pathway through this energy land-
scape, indicated by the white dashed line, is a clear visual indi-
cation of the coupling, even without explicitly including the
chemical free energy released during the process. The motion
on this two dimensional energy landscape can be described
using the Langevin equation, Equation (1), where boundary
conditions incorporate the effect of having ATP in excess and
ADP in deficit of their equilibrium amounts.

The mechanism can also be viewed in several other ways. In
Figure 1b the energy profiles for two chemical states, D;E,T;
and E,T,D;, are shown schematically as a function of the rota-
tional angle between —240° and +200° with chemical transi-
tions between the two states. This is a typical “ratchet” model
in which mechanical motion is described along the horizontal
axis and the effect of chemistry is modeled in terms of transi-
tions between these horizontal energy landscapes for the me-
chanical motion. The behavior of the system can be modeled
based on this description by reaction-diffusion equations. In
early descriptions using this approach, the constants describ-
ing the transition rates between the potentials were assigned
in consistency with the principle of microscopic reversibili-
ty.?83" Unfortunately many subsequent authors have adopted
similar approaches but where the transition constants are as-
signed in a way unconstrained by microscopic reversibility, re-
sulting in extremely misleading and incorrect interpretations.

One can also model the molecular machine in terms of
a random walk on a lattice of states as shown in Figure 1c.
Two periods of the kinetic lattice model representing the
energy minima as states (A/C, B) and the saddle points as tran-
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Figure 1. a) Energy landscape for the F; ATPase from the work of Warshel
and Mukherjee.®” The fundamental periods A& and A@ for which

U(,0) = U(§ £iAE, 0 £ jAO) with ij=any integers, are shown. b) A “ratch-
et” representation in terms of two 1D energy profiles with transitions be-
tween them for the two chemical states D,E,T; and E,T,D; from —240° to
+200° (the area enclosed in the bright green dashed box in Figure 1a). The
remarkable and salient point is that the mechanism shown by the green
arrows (clockwise rotation of 120°) seems by common sense to be far more
likely than that shown by the red arrows (counterclockwise rotation by
1607), but, in fact, if e*=e¢ these two processes are equally likely, and if
&* < & counterclockwise rotation (red path) is more likely than clockwise ro-
tation (green path). c) A kinetic lattice model describing the potential
energy landscape, where green indicates transition over the barrier (saddle
point) ¢ and red indicates transition over the energy barrier (saddle point)
e*. The dashed box illustrates the part of the kinetic lattice corresponding
to the region enclosed in the bright green box in Figure 1a. Four different
cycles and their microscopic reverses can be identified, 7 /7 in which
clockwise rotation is coupled to ATP hydrolysis, %/% in which counterclock-
wise rotation is coupled to ATP hydrolysis, /% (slip) in which rotation
occurs uncoupled to chemistry, and %/%}, (futile cycling) in which chemistry
occurs uncoupled to rotation.
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sitions—red for those involving the energy barrier (saddle
point) €*, green for those involving the energy barrier ¢, and
orange for those involving the energy barrier ¢**—are shown
on the right. The motion of the motor can be described as
a random walk on this lattice of states.”” Downward transi-
tions are strongly favored when ATP is in excess and ADP is in
deficit of their equilibrium amounts, but the most probable
downward transition is determined by the relative barrier
heights. As with the reaction—diffusion approach, applying the
constraints of microscopic reversibility assures consistency with
the underlying model governed by Equation (1).

It is not useful to describe the effect of a chemical gradient
in terms of a tilt along the vertical axis in Figure 1a when one
attempts to understand the microscopic picture of the bind-
ing, release, and chemical processes and how they relate to
the conformational changes, although such phenomenological
models could offer heuristic insight in comprehending the
mechanism. Binding of a ligand such as ATP is purely local. The
chemical potentials of ATP, ADP, and Pi in the bulk do not influ-
ence in any way the internal energies of the protein (although
they influence the free energy of the overall state). In reac-
tion-diffusion or kinetic models, the effect of concentration is
handled consistently by allowing the rates of processes in
which ATP, ADP, or Pi are bound to be proportional to the con-
centrations (or more correctly, activities) of [ATP], [ADP], or [Pi],
respectively. The best description of the effect of the chemical

potential difference, Au = RT [In(%) + In(KOATP)}, between

reactant and product is the phrase “mass action” as used by
Guldberg and Waage® in the second half of the 19" century.
It is perhaps a bit more sensible to describe the effect of an
applied torque as a tilt between the initial and final point of
the mechanical coordinate, 6, once the chemical potential is
added™*¥ but the torque will influence both the net tilt, and
also distort the local features (e.g., well and saddle point ener-
gies) of the energy surface.

It is possible to get useful insight into the applied torque or
the applied force against which the motor can do work by
adding the chemistry (free energy in the standard state plus
the concentration effect, which is equivalent to the chemical
potential) to the conformational free energy profile to model
the action of the motor®>**=*! in the presence of ATP in excess
of its equilibrium amount. In this representation, the effect of
concentration appears as a reduction of the state energies and
also of the effective activation barrier when going from an un-
bound state to a bound state along the functional pathway
(see Figure 4). This approach allows for Monte Carlo or Lange-
vin dynamics simulations on the simplified functional surface,
thus eliminating the need for simulations with many parti-
cles.”

We can also circumvent the necessity of considering many
of the local details of energy coupling by focusing on how the
energy surface relates to complete cycles of the machine®™” in
which some number of ATPs are hydrolyzed/synthesized, and
the motor makes some number of complete rotations in the

CHEMPHYSCHEM
Reviews

3. Non-Equilibrium Thermodynamics of
Molecular Machines

In every completion of a random walk from (6 + iA8, & + jAE)
to [0+ (i+1)A0,E+ (j+ 1)AE], the F, ATPase undergoes a
+ A0 (clockwise) rotation and hydrolyses three ATPs (i.e., com-
pletes a step on the chemical axis of A&). This process is la-
beled Z. In the reverse process, (6+iA6,5+jAE) to
[0+ (i—1)A0,E+ (j—1)AE], termed F, the F, ATPase un-
dergoes a —A@ (counterclockwise) rotation and synthesizes
three ATPs. In every completion of a walk from
(04iA0,E+JAE) to [0+ (Ii—1)AO,E+ (j+1)AE], the F,
ATPase undergoes a —A# (counterclockwise) rotation and hy-
drolyses three ATPs. This process is labeled backward, 4. In the
reverse (completion of a walk from (6 +iA6,&+jAE) to
[0+ (i+1)A0,&+ (j— 1)AE]), termed %y, the F, ATPase un-
dergoes a + A0 (clockwise) rotation and synthesizes three
ATPs. There are also processes involving uncoupled ATP hydrol-
ysis (futile cycling, ¢/%y) and processes involving rotation with-
out ATP hydrolysis/synthesis (slip, #/%%). These possibilities
are illustrated explicitly in the kinetic lattice model of Fig-
ure Tc

The ratio of the probability for any process and its micro-
scopic reverse is a thermodynamic identity. For the complete
cycles shown in Figure 1b these identities can be written as

.[37]

Equation (3):

Ps — eXeXo. P_ﬁ — XetXo. Py — e Xo.

P " Py, " Py,

Py &

R

where the “generalized thermodynamic forces” for the F,
ATPase, X, = TA6O and X: = 3Au, are the mechanical work
and chemical work done in moving a period Af and A¢, re-
spectively, and where 7 represents the applied torque. Under
physiological conditions for hydrolysis of ATP Au=70 kJmol .
The relative likelihood for ATP to bind and for ADP and Pi to
dissociate versus the likelihood for ADP and Pi to bind and ATP
to dissociate—that is, the effect of Au on the process—is in-
corporated in the factor e appearing in both ratios P,/P,,
and P /P . The net probability for completion of a clockwise
rotation, Phg .., and for ATP hydrolysis, Py ..., are given by
Equations (4a) and (4 b):

Pagnet = [(Pf + P;J/)R) - (P,:«ig +P,‘2)} + [(Pf/ - P:/R)] (4a)

Pato net = [(P7 + P%) - (P.~7R + P%R)] + [(P%’ - P’ﬂn)] (4b)

Using Equations (3), and recognizing that the currents
(fluxes) can be written as the products of the net probabilities
and a common inverse time constant, 7', we get Equation-
s(5a) and (5b):

-1 XX, X X
. . . . =T 1— sTR0) — [ & L.(1 — e
clockwise/counterclockwise direction. Jo [( € ) —q(e” —e )+ Ly( ev) (5a)
coupled transport uncoupled transport
ChemPhysChem 2016, 17, 17191741 www.chemphyschem.org 1723 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

.@’* ChemPubSoc
D7 Europe
Je=1"¢[(1 —e70) 4 q(e —e) + L(1 —e™)

coupled transport uncoupled transport

(5b)

where J, and J; are the currents in units of steps of angle A0
per unit time and stoichiometric conversions (ATPs hydrolyzed)
per unit time, respectively. The controlling factor for the cou-
pled transport is the ratio P,/P, = q €, where g ~ /%" is
governed solely by the difference in activation barriers for the
# and 7 paths. The four paths P,,P, P, and P are related
by symmetry®® and determine completely the terms labeled
“coupled transport”. Plots of the fluxes normalized by the flux
at zero applied torque are shown in Figure 2.

7 )
0.5

5 &)

Figure 2. Plots of the coupled transport terms in Equation (5a) (solid blue
line) and Equation (5b) (dashed lines) are shown forg=e’ and e ™ =e~*

(dashed green curve) and g = e~ and e * = e™” (dashed orange curve)

with 77! =7, 'e /%

When e ™ > g, the system is under thermodynamic control.
Forcing the motor backwards by an applied torque causes the
motor to move over the low barriers, but in the reverse direc-
tion, resulting in synthesis of ATP. This regime, also known as
tight coupling, is the regime that is often considered in litera-
ture on the thermodynamics of molecular machines, and
seems to be the case for the F, ATPase.

When e ™ « g, the system is under kinetic control. In this
case, forcing the motor backward by an applied torque causes
a transition over the higher barriers to carry out increased ATP
hydrolysis. This possibility was pointed out by Bier and Astu-
mian® and given experimental support by Nishiyama, Higuchi,
and Yanagida®™ and by Carter and Cross™” for kinesin in partic-
ular.

3.1. Response of a Molecular Machine to External Load

Equation (5a) can be rewritten in a very simple form as Equa-
tion (6):

Jp = C(1 = rye) (6)
where r, is given by Equation (7):

(e +q) +L,

CHEMPHYSCHEM
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The term rye is the ratio of backward/counterclockwise
(Py + Pz, +Py,) to forward/clockwise (P, + P, + P,) steps/
rotations and C =7 '(P, + P, +P,) is a kinetic pre-factor.
Taking a simple Boltzmann expression, C = C, e¢°*’, Equa-
tion (6) can be cast in dimensionless form as Equation (8):

~ v |1 —r
Jy =% | 52— ®)

where )~(0 is the generalized mechanical “force” normalized by
the stopping force (the force at which r,e” = 1), and Jg is the
flux normalized by the flux evaluated with X, = 0. The normal-
ized flux, J,, is shown as a function of X, for several values of
‘a’.

As a point of comparison, the hyperbolic expression
Jy =K(1 = X,)/(K+X,) proposed by Hill*’ to model the
shortening force versus velocity curves for muscle is shown as
a dashed curve in Figure 3.

02| \ ~ )
L N = ..  hyperbolic curve

\ ~
— == —

0.6 0.8 1.0

Figure 3. Plots of Equation (7) (solid curves) with r, = e ' for three different
values of a. The hyperbolic curve J, = K1 — )?H)/(K +)?9) proposed by Hill,
with K=0.2 as used by Hill to fit experimental data obtained for the force
versus velocity curve of muscle, is shown as the dashed blue curve.

A simple mathematical analysis of Andrew Huxley's early
mechanistic model of muscle™*? can be cast into the hyperbolic
form proposed as a phenomenological fit to the data. Howev-
er, when we analyze Huxley’s model,*? taking rate constants
that are consistent with microscopic reversibility, the result is
of the form of Equation (8) and not of the hyperbolic form
of Hill.#"

3.2. Rethinking the Terms “Torque Generation” and “Force
Generation”

When we say that Joseph Priestly was the first chemist to gen-
erate oxygen we mean that he could bottle it, stopper the
bottle, and send the bottled oxygen to other labs. The use of
the term energy generation is similarly meaningful, the storage
form of energy being potential energy. There is, however, no

(7) equivalent potential torque or force. It is neither possible to
0 —Xe . .

(14+ge™) +1L, store, nor to produce and consume torque, and it is certainly
ChemPhysChem 2016, 17, 17191741 www.chemphyschem.org 1724 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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not correct to describe torque or force as a “product of a reac-
tion”."¥

In a recent paper on the FyF, ATP synthase, Mukherjee and
Warshel™' referred to the “experimentally observed torque”,
which essentially implies the torque inferred from the experi-
mentally observed rotational motion, and not torque as
a direct observable of the single molecule experiments. The
imprecision of the phrase highlights an important difference
between the macroscopic world of our experience and the
molecular world in which even large macromolecular com-
plexes such as the flagellar motor, actinomyosin (muscle), and
F,F, ATP synthase carry out their functions. If a macroscopic, or
even a mesoscopic, object is observed to undergo persistent
rotation, the inference that there is an underlying mechanical
torque causing the rotation is absolutely secure. On the other
hand, in the microscopic world, gating, as in the original pre-
sentation of an information ratchet,***” can lead to persistent
rotational motion even if the mechanical torque along the re-
action path, —j’,—g, is zero or negative.

It is tempting to characterize molecular rotors according to
whether there is or is not a local mechanical torque as the
rotor moves, but this distinction leads to confusion. On the
energy scale of the coarse-grained molecular landscape of F,
ATPase shown in Figure 1a, U, is comparable to U, but the
direction of motion does not depend on whether U, > U or
Ug > Uy,c (or in general, on the relative energies of any of the
states—the energy minima—of the system). With U, > U, we
could perhaps seemingly justify words such as “deposition of
chemical energy results in lifting the system energetically from
B to the pre-power stroke state A/C from which the system ex-
ecutes the power stroke A/C—B, thereby generating torque
and causing rotation”. However, when Ug>U,,, the mecha-
nism remains fundamentally the same, but transitions along
the mechanical coordinate are predominately energetically
uphill. Irrespective of whether U,,c > Ug or Uz > Uy, the mecha-
nism by which rotational motion occurs is that of an informa-
tion ratchet*>*’ where ATP binding/release is fast, and ADP
binding/release is slow at some values of 6 and ATP binding/
release is slow, and ADP binding/release is fast at other values
of 6. This gating, combined with ever-present thermal noise, is
sufficient to drive the experimentally observed rotation. For
chemical driving, the mechanical torque on the equilibrium
potential is simply irrelevant for determining the direction,
stopping force, and maximal efficiency of the motor. It should
be additionally noted that gaining a thermodynamically robust
understanding of the directionality or gating mechanism of
molecular motors is not possible through the application of ex-
ternal forces or torque, as adopted by many as a preferred
route to perform forced-molecular dynamics simulations of
biological systems. Investigations of the relaxations of a deter-
ministic elastic network model following sudden changes of
the constraints applied to atoms at the active site or to those
involved in allosteric conformational changes of a protein are
similarly unhelpful with regard to understanding the thermo-
dynamics of mechano-chemical coupling by a molecular ma-
chine. Conversely, our analysis shows that by revealing the un-
derlying nature of the relative energies of the various possible
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pathways, that is, by constructing a detailed free-energy sur-
face for the most relevant mechanical and chemical degrees of
freedom, one can proceed towards a holistic understanding.
Using the example of F, ATPase and Figure 1a, we see that
the direction of motion is independent of the energies of the
states (minima on the energy landscape); so what feature of
the energy landscape actually controls the direction of
motion? Using our mind’s eye, we see that the transformation
&* < g, which switches between red and geen in the kinetic
lattice picture, does, in a visually clear way, change the sense
of rotation—the minimum energy zigzag valley runs between
the lower left and upper right hand corners when e*< e. Thus,
we conclude that the directionality is controlled by the relative
energies of the barriers and not by the energies of the states.
Another recent study has revealed the molecular origins of
¢ and &* showing that mutations of certain parts of the F,
ATPase rotary subunit can lead to the destruction of the zigzag
path by effectively putting e~ ¢*. This leads to systems where
the mechanical rotation is uncoupled from the chemical steps,
thereby generating a futile molecular motor incapable of
showing directional motions powered by ATP hydrolysis."’

3.3. Mechano-Chemical Coupling—An Overview

The single parameter describing mechano-chemical coupling is
q ~ e*/%T where Ac is the difference in activation energy for
a “functional” forward process, #, in which substrate is con-
verted to product concomitant with a forward step, and a back-
ward process, %, in which substrate is converted to product
concomitant with a backward step. A more precise expression
as the exponential of the difference of the Onsager-Machlup
thermodynamic actions can be calculated from the equilibrium
energy landscape, with arbitrary stoichiometry,®® but in the
simplest case (such as that shown in Figure 1a) the processes
are controlled by single rate-limiting barriers so Ae is very
easily defined. At equilibrium, of course, completion of a for-
ward cycle & is exactly as likely as completion of its micro-
scopic reverse Z, and completion of a backward cycle 4 is as
likely as completion of its microscopic reverse % so there is
no net transport, in consistency with the second law of ther-
modynamics. Away from chemical equilibrium, however, Z is
more likely than #, and 4 is more likely than %;. In this case,
the structural bias by which % is more likely than % comes to
the forefront and we have net clockwise rotation powered by
hydrolysis of ATP.

As an example of this perspective, consider the recent com-
putational model for the overall functional cycle of myosin V.2
The authors show that the free energy of the pre-“power
stroke” state is 11 kCalmol™' lower than the post-“power
stroke” state for the forward functional cycle (%) of myosin V
in which an ATP is hydrolyzed and myosin moves one step
toward the “plus” end of actin—energy is absorbed, not re-
leased in the process termed the “power stroke”. In the back-
ward, non-functional cycle (%) in which an ATP is hydrolyzed
and the myosin moves one step toward the “minus” end of
actin, the free energy of the pre-“power stroke” state is 15 kCal
mol~' (or by a different pathway 3 kCalmol™") higher in energy
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than the post-“power stroke”—energy is released in the step
labelled “power stroke” in the backward non-functional cycle.
Thus, according to a power stroke model, myosinV should
move toward the “minus” end of actin, but in fact experimen-
tal observation shows that myosin V moves toward the “plus”
end of actin. Mukherjee and Warshel®® show that the energy
barrier in the forward functional direction is lower than the
energy barrier in the backward direction, and that it is this ki-
netic difference in activation barriers that governs the direc-
tion—that is, myosin V functions as an information ratchet. In
Figure 4, schematic energy diagrams inspired by those of Mu-
kherjee and Warshel® are shown to illustrate that the direc-
tion of motion is kinetically selected based on the relative
heights of the maximum energy barriers rather than by the
energy released (absorbed) by the power stroke.

When the chemical reaction is away from thermodynamic
equilibrium (X:#£0), g is unchanged, but there is net mechani-
cal flux J, because (1 —e*)5£0, and the flux is proportional
to a time constant, 7'. The flux arises because of mass
action,®” and any attempt to describe coupling in terms of

a) Forward pathway (¥)

-14.3  -14.5
EAp>0

-17.0

-26.9 -26.9

ATP binding  repriming

powerstroke P; & ADP release
AG,:>0

b) Backward pathway (3)

-14.3 -14.5

: -17.0
Ap>0

dy 43 H D _H A

~__ N

ATP binding  repriming powerstroke P, & ADP release
AG_ <0

Figure 4. Energy profiles for the a) forward functional (plus end directed)
pathway (green curve) and b) the backward (minus end directed) pathway
(red or blue curves) for two-headed myosin V walking on actin are shown
(adapted from ref. [35]). The computational results suggest that the “power
stroke” in the forward pathway is endergonic (AG, > 0), whereas that in the
backward pathway is exergonic (AG,, <0). The forward pathway neverthe-
less is strongly preferred over the backward pathway because the highest
activation barrier in the backward path is much higher than the highest bar-
rier in the forward pathway (green compared with red curve), Ae =¢—e*.
Even when one considers that the energetically costly conformational
change in one leg of myosin V is compensated completely by the downbhill
conformational change in the other leg, still the system goes through the
blue curve where ¢* > ¢, although Ae is much lower than that for the red
curve. It should be noted that a complete and simultaneous compensation
of the conformational changes in the two legs is unlikely to occur and myo-
sin V most likely adopts a much high energy pathway for back stepping (i.e.,
red curve).
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causal language is doomed to failure.”® The equilibrium free-
energy surface defines g, and the flux is given by
Jo=1"(1-q)(1 —e™). The time constant, 7', does not
depend thermodynamically on X;, but it does depend kineti-
cally on the absolute concentrations of substrate and product
as a saturable function of the concentration.

Both of the positive definite coefficients g and 7' depend
on the applied torque (or force), 7, kinetically since not only
does 7 influence the net tilt along the mechanical axis, X,, but
it may also distort the energy landscape, and hence ¢, ¢4,
and Ae may all depend on 7. The dependence of g and 7'
on 7 is important for fitting kinetic data, but the thermody-
namic dependence of the coupled system on 7 is captured in
the terms that involve X,.

Equations (6) and (8) are exact rewritten forms of Equa-
tion (5a) and are convenient for examining the velocity versus
torque response of a molecular machine. Equation (8) in partic-
ular highlights the fact that the thermodynamic theory based
on trajectories® fits the data that had previously been de-
scribed by using Hill's hyperbolic expression for the force-flux
relation."

1

4. Irrelevance of the Power Stroke for
Chemically Driven Motors

From the above analysis we see that the internal energy re-
leased in any single transition between states is irrelevant for
determining the intrinsic directionality, the stopping force, and
the optimal efficiency of any chemically driven motor.®” 434849
Even so, the concept of the “power stroke” for chemically
driven molecular machines stubbornly persists in the literature.
There are perhaps two reasons for this persistence. First, the
power stroke is unarguably an important determinant of the
directionality of light-driven motors,*® the rate constants of
which do not obey microscopic reversibility, and of motors
driven by external modulation of thermodynamic parameters
such as electric field strength, pH, and redox potential.”
Second, the diagrams by which the power stroke models are
explained are very persuasive from the perspective of macro-
scopic mechanical intuition.”*? First, let us consider a heuristic
model as shown in Figure 5, which illustrates how random fluc-
tuations can be used in synergy with externally supplied
energy or information to drive directed motion.

4.1. Simple Model for Using a Ratchet to Harness Random
Energy to Drive Directed Motion

Imagine a small car subject to a violent hail storm.®® The
random pushes resulting from the hail can be exploited to
move the car uphill by use of a specially designed ratchet
brake as shown in Figure 5a. When the brake is engaged, the
car is locked in place at the notch of the ratchet as shown.
When the brake is released, the car on average rolls backward
(and the ratchet gear rotates counterclockwise), but because
of the hail it sometimes moves forward, rotating the ratchet
gear clockwise. The asymmetry of the ratchet brake is such
that the distance to move forward to where the brake, when
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Figure 5. Schematic illustration of how random energy from a hail storm can
make it possible for a very small car to drive uphill given an appropriate
brake design (adapted from ref. [8b]). There are two possible mechanisms
shown, a) an energy ratchet and b) an information ratchet. The car is mod-
eled as a small green sphere in each, where the fire hydrants act as fiduciary
markers. a) In the energy ratchet, the car is equipped with a special brake
modelled after a mechanical ratchet shown in the upper left hand corner.
When the brake is on, the car is forced into the notch of the ratchet just to
the rear of the fire hydrant. When the brake is released, the car tends to roll
backward but because of the hail the car also jitters back and forth. Owing
to the asymmetry of the ratchet teeth it is more likely for the car to initially
move forward past the hydrant to its front than backward past the hydrant
to its rear, although eventually the car will move downhill if the brake is
kept off for a long time. Reapplying the brake, however, at intermediate
times when the car is more likely to have moved the short distance forward
past the hydrant to the front than the long distance backward past the hy-
drant to the rear, forces the car on average forward to the next notch to the
front. This process can be repeated, resulting in net uphill motion of the car.
Note that the energy comes not from the hail itself, but from the effort ex-
pended by the driver in applying the brake—that is, from a power stroke.
This mechanism does not require the driver to observe the position of the
car in determining whether to apply or release the brake, but only to make
sure the brake is not kept off for too long. b) An alternate method involves
the driver observing the position of the car relative to the hydrants. If the
driver releases the brake only when the car is near the hydrant in front, and
applies the brake whenever the car is near the hydrant to the rear, the car
inexorably moves uphill, even with a very simple brake that simply prevents
slippage and where no force needs be exerted when applying the brake.
Here, the car moves uphill by virtue of the information obtained to deter-
mine when to apply and release the brake.

depressed, will catch on the next tooth in the clockwise direc-
tion is much smaller than the distance to move backward to
where the brake will catch on the next tooth in the counter-
clockwise direction. If the hill is not too steep and the ratchet
is designed correctly, on average depressing the brake after
a short period of having released it, will apply a torque that
moves the car forward, uphill. This cycle can be repeated to
move the car uphill when the driver applies and releases the
brake at set intervals without the need to use any knowledge
of the cars position to determine what to do.

The work of moving the car uphill is done by the driver de-
pressing the brake pedal. The hail, without which the mecha-
nism fails, simply serves to allow the car to move randomly
uphill or downhill when the brake is released. This mechanism
has been termed an energy ratchet, and the action of the
driver in pressing the brake can be very reasonably described
as a power stroke. An alternate mechanism termed an informa-
tion ratchet (Figure 5b) is in many ways even simpler than the
energy ratchet.
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If the driver observes the position of the car relative to a pe-
riodic array of fire hydrants that serve as fiduciary points and
applies the brake only when the car is in such a position that
the brake will catch on the next clockwise notch of the ratchet,
the car can be moved very reliably uphill. Remarkably, the
design of the brake can be simplified to where the cogs teeth
are simple rectangular cutouts. When the pawl is engaged, the
car remains free to diffuse but only within a limited range. If
the driver releases the brake only when in the forward most
part of the cog’s constrained diffusive range and applies the
brake after the cog has rotated forward past the next tooth,
the car inexorably moves forward even though at no time
does the driver perform any force times distance work. In this
case, the energy for the uphill motion comes from the hail, but
this is allowed by the information used by the driver in decid-
ing when to apply and release the brake. The driver plays the
role of Maxwell’s demon.® %37

To understand the relevance of these models to real molecu-
lar machines, it is necessary to incorporate physically consis-
tent descriptions of a molecule rather than of a car, of thermal
noise instead of a hail storm, and of allosteric interactions
rather than of an observant driver, and to explicitly describe
how the binding substrate and release of product effectively
applies and then releases the brake. In other words, one must
have in hand a quantitative free energy description of the
chemical state dependent conformational changes calculated
from the atomistic 3D structure of biological motors and then
scrutinize the nature of the motor through the lens of micro-
scopic reversibility. When this is done, one sees that the
energy ratchet mechanism cannot operate when powered by
an autonomous exergonic chemical reaction, but that the in-
formation ratchet can, and that the presence or absence of
a power stroke is irrelevant for determining the direction and
thermodynamics of the molecular machine.

Now, with this in mind, let us examine a supposed power
stroke mechanism from the literature that has been used to
describe the flagellar rotary motor,”? and that is very similar to
an earlier mechanism for muscle.””

4.2. Power Stroke Models in the Literature

A diagram inspired by work on the flagellar rotor® is shown
in Figure 6, where in the original illustration the authors includ-
ed only the mechanism indicated by the solid arrows in the
shaded windows. The slope of the potential is a trompe ['oeil
that fools the naive reader into accepting the implicit idea that
the transitions labelled “power strokes” are important for de-
termining the direction of the motor.®® The mechanism,
known as a shift ratchet, seems to have been inspired by anal-
ogy with a mechanical escapement mechanism rather than
a simple brake as discussed in Figure 5. A huge difference be-
tween a mechanical escapement mechanism and a braking
mechanism is that, seemingly, no diffusion is required for di-
rected motion by the escapement. Unfortunately, this descrip-
tion, when applied to molecules, leads to a falsely mechanical
perspective of motion in which biological rotary motors have
been described as the “world’s smallest wind-up toy”.**! Blunt-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

.@’* ChemPubSoc
D7 Europe

0

1 , ] 1

\ Ka®) 1 8 k,,(0) "
fs] ~ RN
7 U0 “ow HE IPRN 1~
E RS I o ~ 1 Mo
g :
5 G I T

~ 1 e,~ 1 Ap
a ] @5 a

Clockwise rotation ——————yp

Figure 6. A ratchet mechanism inspired by a paper on the bacterial flagellar
motor*? is formally similar to a mechanical escapement (upper right hand
corner). Similar pictures have been given for many other molecular ma-
chines, including myosin moving on actin.®" Only the solid arrows are
shown for the mechanism in the figure by Xing et al.*” where k., and k¢
are described as rates for composite conformational transition and proton
association from the periplasm or dissociation to the cytoplasm, respectively.
The figure is a trompe [I'ceil that leads the naive reader to the conclusion
that the slope of the potential dictates the direction of motion and other
thermodynamic properties. In fact, the slope does not dictate the direction
of rotation—the direction of motion is determined by selection between the
pathway to the right shown by the solid arrows and the pathway to the left
indicated by the dotted arrows, a selection dictated by the 6 dependence of
the specificities for binding/release of proton to the cytoplasm/peri-
plasm.["“g]

ly put, attempts to analyze the behavior of molecular machines
in terms of mechanical devices without consideration of funda-
mental thermodynamic principles is futile. Fortunately, the
principle of microscopic reversibility provides a solid platform
from which to launch a detailed analysis of the mechanisms by
which molecular machines carry out their functions.

When we carefully analyze the dynamics of the system in
light of microscopic reversibility, we find that if the specificities
for the reactions are the same at = 0" and at 6 = 0, the mac-
roscopically implausible, and deterministically impossible, path-
way shown by the dotted arrows is just as likely as the process
shown by the solid arrows, and hence the machine does not,
on average, rotate at all.”® Further, when the specificity for
proton to/from periplasm is greater at 6 = 6’ than at § =0,
and the specificity for proton to/from cytoplasm is greater at
6 = 0 than at 6 = @', the system undergoes, on average, coun-
terclockwise rotation!

To better understand what governs the directionality of
a molecular machine, consider the model shown in Figure 7a
where the system undergoes switching between two poten-
tials, U,(0) and U,(60).”% If the transitions between U, (6) and
U,(6) are caused by some external modulation, with, for exam-
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Figure 7. a) lllustration of a catalytically driven shift ratchet. The clear impli-
cation is that the slope of the potential dictates the direction of motion. For
a system in which the flipping between the two potentials is accomplished
externally by, for example, an applied electric field, this is in fact the case.

b) However, when the flipping between the two potentials is mediated by
the binding of substrate and release of product in a catalytic process, the
rate constants are constrained by microscopic reversibility and we see that
the direction of motion is governed not by the slopes of the potentials but
by the 6 dependence of the chemical specificities.*

ple, a;(6)= a,(0) = :(6) = B.(6) =T for all 8, the directionali-
ty is indeed controlled by the slope of the potentials.

4.3. Enforcing the Constraints of Microscopic Reversibility

The situation is very, very different when the driving is mediat-
ed by catalysis of a chemical reaction such as hydrolysis of ATP
(as in the F, ATPase), or by transport of protons across a mem-
brane from high to low chemical potential (as in the bacterial
flagellar motor and the F, portion of the ATP synthase).”® In
these cases, the rate constants are constrained by the principle
of microscopic reversibility. One constraint of microscopic re-
versibility is immediately evident from Equation (9):

a:(0)p:(0) X
w060 € ©)

for any 6. By use of Equation (2), a second constraint can be
derived from the picture involving two arbitrary values of
6—0'" and 6"—shown in the expanded view in Figure 7b. Irre-
spective of whether the system is at or away from thermody-
namic equilibrium, the forward and microscopically reverse tra-
jectories that begin and end at the exact same point must
have equal probabilities.

PO —0)] [P0 —0)
Fro =

PO —07)| [P0~ 0)

(0 ) (0) _
G =1 (10)

ar(0')a,(6")

with an analogous equation holding for the [ coefficients.
From Equation (10) and Equation (2) it is straightforward to
derive Equation (11):

(m
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for any pair ¢, 6". From Equations (9) and (11) we can derive
another relationship that will prove useful [Eq. (12)]:4%

[4:(6) +8,(6)] [a(6) +5:(6)]
[ (0) +B(O] e 0) + B (0]

N B (12)
_ [ 4s50)e 1 +5(0)] av,ene,
[T+ s(6)][1 +5(6")e ]
where we have introduced the chemical specificities
Bi(0)

«@ = s(6), which are independent of the energies U,(6) and

U,(6). Using Equation (9), we have {jfﬁf;; =s(0)e ..

Imposing the constraints of microscopic reversibility, Equa-
tions (9) and (11), on the rate constants ensures that any reac-
tion diffusion or kinetic model involving states and transitions
between them is consistent with an underlying model in
which over-damped motion occurs on a single time-independ-
ent energy surface. The constraint given in Equation (10) is the
discrete equivalent of the requirement that the force field de-
rived as the gradient of the potential be curl free, that is, that
V x VU(,0) = 0. The transitions between the states occur
because of thermal noise as described by Equation (1) and
hence the machine functions as a “Brownian motor”. To better
illustrate this point, the ratchet mechanism shown in Figure 7a
is redrawn in Figure 8a where the a and fj transitions are

a)

5 ) R

R 00 o802 0dt0/2) 00} [0 0,(00/2)f [ora0.,2)
- 3 . |

é U,(0) Mt '%

E AU: T2

<
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—-AO -A0/2 0
mechanical, 6
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Figure 8. a) Schematic picture of how a chemical process can drive directed
mechanical motion. The mechanism illustrated with the solid arrows in-
volves two “power strokes”, downhill “slides” on the slopes of U, and U,.
The mechanism with the dotted blue arrows looks impossible from the
point of view of macroscopic physics, but when the activation energies for
the chemical processes are equal, ¢ = ¢*, the mechanism with dotted blue
arrows in which the motor steps left is just as likely as the mechanism in-
volving the solid blue arrows in which the motor steps right. b) and c) Po-
tential energy surfaces for the ratchet mechanism in Figure 7a for the cases
e* < e and & < €*, respectively, where the most probable trajectories are
shown by the white dashed and solid curves.
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shown vertically as in Figure 7b rather than as a cycle as in
Figure 7 a. Potential energy surfaces obtained by specifying the
energies U;(+£jA0/2),U;(£jA0), i=1,2 and transition-state
energies &(£jA0/2),&(Lj AO), i = a,p, for integer j, with
linear extrapolation between the specified energies, are shown
in Figure8b and 8c. For simplicity we take
£,(HjAO) = e4(£jAO/2) = € and g;(HjAO) = &,(HjAO/2) = £*.

Let us compare two processes: one in which the system un-
dergoes chemical reaction from U, to U, at =0, moves from
0=0 to 6= +A6/2 on U, (power stroke 1), undergoes chemi-
cal reaction from U, to U, at +A#6/2, and then moves from +
A6/2 to + A6 while on U, (power stroke 2), completing a for-
ward step; and another in which the system moves from =0
to 0=—A0/2 on U, (un-power stroke 2?), undergoes chemical
reaction from U, to U, at 6=—A6/2, moves from —A6H/2 to
—A6 while on U, (un-power stroke 1?), and undergoes chemi-
cal reaction from U, to U, at —A#, thus completing a backward
step. The ratio of the probability for a backward step and a for-
ward step is given by Equation (13):

[P(AB/2 — AB)| [P,(0 — AB/2)
- {m (A0)2 = Ao)} [PZ(O - A@/Z)} X
[4:(A0/2) + B(A6/2)] [0,(0) +Bi(0)] x,
[a,(AB/2) + B:(A6/2)] [as(0) + B,(0)]

where we have used periodicity to deduce the identities
P,(—AB/2 — 0) = P,(AO/2 — AO) and
P,(—AO — —A6/2) = P,(0 — A8/2). Using Equations (2), (9),
(11), and (12) we find:*”

1 +5(A8/2)e][1 +5(0)]
1+ 5s(0)e ¥¢][1 + s(AG/2)]

o

(e +q) + Vi

(1 + qe7X§) + VLIC

6

(14)

where  we identify g=s(0)s'(A6/2), and where
Ve = [s71(A6/2) + s(0)e *:]. The salient point of Equation (14)
is that the ratio of forward to backward steps depends only on
the chemical specificities and the generalized thermodynamic
“forces”, X;: and X,, and not on the energies of the states.

4.4. A Cautionary Tale

It is easy to become confused, however. If we take
simple, plausible, expressions for the rate coefficients
ar(0) = Be(0) = €/* and a,(0) = B,(0) = e *</* for all 6, an as-
signment that is clearly in agreement with constraint Equa-
tion (9), and where we blithely assert that X; parametrizes the
deviation from equilibrium, we find mathematically that in the
limit X;: > 0, we seem to have Equation (15):

— (AU +AUy) o Xe

(15)

lncorrect = €
where

AU, + AU, = [U,(A6/2) — U,(A6)] + [U,(0) — U,(AB/2)]. This
result seemingly supports the power stroke model since
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AU, + AU, is the energy dissipated in the two “power strokes”
in the mechanism of Figure 7a. Hill, Eisenberg, and Chen,®"
based on a similar picture, asserted that the maximum efficien-
cy for a molecular machine is 7., = %. However, the 6
independent assignment of the rate constants violates the
constraint imposed by Equation (11) and this assignment is not
consistent with a mechanism for autonomous chemical driving.
The efficiency for chemically driven motors is not controlled by
(AU, + AU,) but by the chemical specificities,*’ and in the
limit that g < e the efficiency approaches unity when
Xy — X: irrespective of the value of (AU, + AU,)."*®

It is perhaps worthwhile to step back and recognize from
Equation (13) possible limiting cases. When X: is very large the
transition constants for the dashed red and green arrows can
be ignored in favor of those for the solid red and green
arrows. It is also reasonable to take the approximation where
the transitions for the red arrows are kinetically blocked such
that the transition constants for the red arrows can be ignored
in favor of those for the green arrows. It is not, however, rea-
sonable to take both approximations, as is done implicitly in
Figure 4b of Xing et al.,*? since this leads to division by zero
in Equation (13) for r.

There is an unfortunate tendency in the literature for au-
thors to incant the words “far from equilibrium” several times
and then proceed to assign rate constants ad libatum with no
attention whatsoever to the fundamental physical principles
such as microscopic reversibility that govern the dynamics of
the system. It is not clear what, if any, contribution is made by
such unconstrained “theoretical” analysis.

A similar point has been made with regard to hypothetical
mechanisms for evolution of homochirality (mechanism for the
establishment of a preponderance of L or b isomers from a rac-
emic mixture) in biological systems where hypotheses un-
grounded by microscopic reversibility were described, accu-
rately, if unflatteringly, as “if pigs could fly” chemistry.”® The
problem with regard to flying pig proposals such as the power
stroke is that from a macroscopic perspective the power stroke
seems to follow from common sense, and indeed the power
stroke is important for externally and optically driven motors.
Nevertheless, the assertion of the importance of a power
stroke for molecular machines driven by catalysis of a chemical
reaction is just plain wrong.

4.5. Motion on an Energy Landscape

The 2D energy landscapes derived from the model in Fig-
ure 7a are shown in Figure 7b for ¢*< ¢, and in Figure 7 c for
e < &*. The white dashed and solid lines are the paths of least
thermodynamic action as calculated™® from Onsager and
Machlup’s theory.'” In Onsager and Machlup’s derivation of
the thermodynamic action, the probability for any trajectory
involves a rather complicated pre-factor in addition to the ex-
ponential of the energy difference between the initial and final
points on the trajectory. The key to obtaining Equation (2) is
recognizing that this pre-factor is direction independent and
hence cancels in the ratio of the probability for any trajectory
and its microscopic reverse.*”
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A common objection to the use of Onsager-Machlup ther-
modynamic action theory for molecular machines is the claim
that Onsager’s theory is only valid near equilibrium in the
linear regime. Indeed, Onsager and Machlup explicitly state
that “The essential physical assumption about the irreversible
processes is that they are linear; that is, that the fluxes depend
linearly on the forces that “cause” them”."” This situation, how-
ever, is the case with all over-damped systems obeying Equa-
tion (1) in which the linearity between the velocity, ;;, and the
force that causes it, —VU(T), is manifest. The required equilibri-
um is the mechanical equilibrium by which acceleration can be
ignored for trajectories of single molecules. There is no re-
quirement that the overall system be near thermodynamic
equilibrium. The results of our analysis, such as Equations (5a)
and (5b), remain valid for large generalized thermodynamic
“forces” X, and X; because the underlying process, described
at the single-molecule level by Equation (1), is in mechanical
equilibrium.

Although the power stroke is irrelevant for the thermody-
namics of chemically driven molecular machines, a power
stroke can be, and often is, essential for light-driven molecular
machines. We can understand this fundamental difference be-
tween light-driven and thermally activated processes in the
context of binding of CO to myoglobin, an extremely well-
studied process.

5. Microscopic Reversibility and the Physics of
Ligand Binding to Proteins

Molecular dynamics simulations have shown that a CO mole-
cule can arrive at the binding site of myoglobin by diffusing
through the bulk of the protein.”¥ Any specific realization of
this process is of course very unlikely. The microscopic reverse
of the process where CO leaves the binding site by diffusing
through the protein is also very unlikely, but the ratio of the
probability for the forward and microscopic reverse of these
rare trajectories is exactly the same as the ratio of the probabil-
ities for any other, possibly far more likely, binding/unbinding
pathway. This is the essence of microscopic reversibility reflect-
ed in Equation (2), and which is stated by IUPAC as:*”

“In a reversible reaction, the mechanism in one direction is
exactly the reverse of the mechanism in the other direction.
This does not apply to reactions that begin with a photochemi-
cal excitation.”

Early experiments on dissociation of CO from myoglobin
seemed to challenge this fundamental principle. In the mecha-
nism for association, CO diffuses to the iron-containing binding
site of the deoxy form, deoxyMb, of the protein and there in-
teracts with the iron in the high-spin, out-of-plane state. The
iron undergoes a local configuration change to the in-plane
low-spin form, followed by a global conformational change to
the bound form MbCO. An essential feature is that the myo-
globin conformational change starts locally and propagates
globally, consistent with our experience in the macroscopic
world in which waves propagate away from a source of excita-
tion as in water, see Figure 9.
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Figure 9. When a neutral density ball falls on a viscous liquid (a) waves prop-
agate outward from the ball (b,c,d) until finally the liquid, with the ball rest-
ing on it, is quiescent. If the ball is removed from the surface by some exter-
nal means (a’), waves once again propagate outward from where the ball
had been (b’,c’,d’), until finally the liquid is again quiescent. This backward
mechanism is very different than the microscopic reverse mechanism (gray
dashed arrows) for removal of the ball from the surface in which waves
spontaneously propagate inward toward the ball (dg,cgbg) until finally the
energy of the wave coalesces at the ball, propelling the ball away from the
surface. The external removal of the ball corresponds molecularly to photo-
dissociation,”® external changes to thermodynamic parameters®” (electric
field strength, pressure, pH, or redox potential), or to computational disap-
parition.*® From the macroscopic or even mesoscopic perspective, the pro-
cess dy — ¢y — by — ag seems remarkably unlikely, requiring as it does
energy to spontaneously concentrate from many degrees of freedom to the
single degree of freedom of the ball. Even so, this is the most likely mecha-
nism for thermally activated dissociation as required by the principle of mi-
croscopic reversibility.

Frauenfelder and colleagues®® studied the dissociation of

CO, finding the mechanism to first involve dissociation of CO
from the in-plane MbCO. Then, the iron undergoes a local con-
figuration change to the out-of-plane high-spin iron state, fol-
lowed by a global change to the deoxyMb form. Once again,
the local to global progression is consistent with experience
based on removing an object from quiescent water. These re-
sults led Frauenfelder and colleagues to argue that “Binding or
dissociation of a ligand at the heme iron causes a protein
quake.” However, although the local to global progression for
both binding and dissociation is consistent with macroscopic
experience, it is not consistent with microscopic reversibility,
according to which the thermal dissociation of CO must be

a) Reciprocal Thermally Activated Association/Dissociation

©
Fe ’ 47_:" co- Fb<—_> co-b‘i_’co- m
©

Ground State Energy Surface

b)

Non-Reciprocal Thermal Association and Photochemical Dissociation

Excited State Energy Surface

Fe - e
co

/ e

co
=g

Ground State Energy Surface
Figure 10. lllustration of the difference between a) equilibrium, thermally ac-
tivated, dissociation in which the most probable path for dissociation of CO
is the microscopic reverse of that for association of CO and b) photolysis in-
duced dissociation of CO in which the dissociation is not the microscopic re-
verse of association.
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preceded by a global to local “unquake” followed by dissocia-
tion of CO. The critical point is that the experiments of Ansari
et al.*® were carried out by flash photolysis with photochemi-
cally induced desorption, a distinction that changes everything
(Figure 10).

The appearance of a non-reciprocal cycle—a situation where
the dissociation of CO is not the microscopic reverse of the as-
sociation of CO—is of paramount importance for understand-
ing the operation of a molecular machine. Such a cycle is nec-
essary for the generation of directed motion, and is at the
heart of the mechanism for all molecular machines. There are
several excellent reviews that discuss the hydrodynamics by
which non-reciprocal shape changes lead to directed
motion.®>® Such a non-reciprocal cycle can result either from
optical or external driving, or from driving by catalysis of
a non-equilibrium chemical reaction, but the design principles
by which a molecular motor can use these two types of
energy are totally different.

5.1. Seeing the Light versus Feeling the Heat

Unfortunately, there is a strong tendency in the literature to
analogize chemical driving with optical driving. Indeed, in pop-
ular animations of kinesin and myosin, which are widely avail-
able on the web, the ATP hydrolysis step is denoted by a flash
of light. This analogy, however, is seriously misleading and
tends to gloss over a very important symmetry difference be-
tween thermally activated transitions and optically induced
transitions.

The immediately apparent difference between optically and
chemically driven processes is quantitative—hydrolysis of
a molecule of ATP under physiological conditions can provide
around 20 kgT energy whereas a single photon of green light
can provide around 100 kgT of energy. A seemingly natural as-
sumption is that a chemically driven molecular machine can
approach the behavior of a similar optically driven molecular
machine in the limit that the reaction being catalyzed is very,
very far from equilibrium. This natural assumption, however, is
wrong.

The essential difference between light-driven and thermally
activated processes is based on a fundamental symmetry dif-
ference between the Bose-Einstein relations® and microscop-
ic reversibility. According to the Bose-Einstein relations, the
transition coefficient for absorption is identical to the transition
coefficient for stimulated emission if the degeneracies of the
ground and excited states are the same. In contrast, the micro-
scopic reversibility [Equation (2)] that holds for all thermally ac-
tivated processes requires that the ratio of forward and reverse
transition coefficients be proportional to the exponential of
the energy difference between starting and ending states.
Thus, the description of a chemical process as driving a reaction
between a “ground state” N-dimensional energy surface and
an “excited state” N-dimensional energy surface®® is problem-
atic and can lead to seriously incorrect conclusions. Instead,
the effect of substrate binding and catalysis of a chemical reac-
tion must be described in terms of motion on a single (N+ 1)-
dimensional energy surface (see Figure 8a—c). The conclusions

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

.@’* ChemPubSoc
D7 Europe

based on these two very different pictures can be tremendous-
ly different, and correspond to the difference between light-ac-
tivated and thermally activated processes.”**® In a photochemi-
cal process, light absorption and emission is followed by
a non-equilibrium relaxation of the conformational state of
a protein and controlled by the exothermicity, the reorganiza-
tion energy, and leakage to the original ground state.®™ The re-
sulting transitions are described by Ansari et al.*® as “function-
ally important motions”. The relaxation of the protein on either
the ground- or excited-state surfaces can, in the case of flash
photolysis, be well described as a “power stroke” that can
result in mechanical motion.

In contrast, the internal degrees of freedom of the protein
remain in equilibrium at every instant during catalysis of even
a very strongly exergonic reaction.”? For example, in ATP hy-
drolysis an ATP diffuses to the active site of the enzyme (an
ATPase), binds, and undergoes conversion to ADP+Pi at the
active site, and then ADP and Pi dissociate and diffuse away.
The reverse, in which ADP and Pi diffuse to the active site,
bind, and undergo in situ conversion to ATP, which then disso-
ciates and diffuses away, results in ATP synthesis. As far as the
individual protein is concerned, both of these are equilibrium
processes. The character of the motion of the protein is inde-
pendent of the chemical potentials of ATP, ADP, and Pi in the
bulk. Any thermodynamic disequilibrium in the bulk is mani-
fest only in a change of the relative frequencies of trajectories
leading to hydrolysis versus those leading to synthesis, and
not to a change in the character of the protein motion. The
chemical potential difference acts to impose a preferred direc-
tion of reaction by mass action.®? It is very misleading to char-
acterize the effect of ATP as delivering “violent kicks"®* to the
enzyme that catalyzes its hydrolysis, and proposal of chemo-
acoustic waves® (in analogy with the photo-acoustic effect)
as a mechanism for enhanced diffusion of enzymes is ill-found-
ed.

5.2. Why the Power Stroke Model is Correct for Light-
Driven Processes and Wrong for Chemically Driven
Processes

Consider a simple model for the light-driven pumping of pro-
tons by bacterio-rhodopsin.”®

When used to describe light-driven processes, a drawing
such as Figure 11 represents a process in which external
energy from light is used to cause transitions between
a “ground-state” energy surface (shown in blue) and an “excit-
ed-state” energy surface (shown in red). The transitions on
either the ground or excited energy surfaces are thermally acti-
vated processes where the ratios of the forward and backward
rate constants have the standard interpretations [Eq. (16)]:

k0~>1
ko, ¢
1—0 2—1

AGy; . ko*ﬂ1*

= e2%2; and AGox %

k
AGy . R1-2
oy = =e

(16)

kﬁeﬂo*

It is a simple matter to calculate the concentrations (or prob-
abilities) of the five “states” (0,1,2,0,1) as a function of time
given arbitrary initial conditions, and simpler still to calculate
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Figure 11. Schematic figure used to illustrate how input energy can be used
to maintain a non-equilibrium steady state in which the relative concentra-
tions in states 2 and 0 are not given by a Boltzmann expression.

steady-state levels. If we take the barrier between states 0 and
1 to be very high, the approximate ratio of the steady-state
levels of states 2 and 0 can be written down by inspection as
Equation (17):

AGrz pAGo# %

e (17)

(&) ~ 7/J0k0*4*¢1k1ﬂz _ 1/)0451
P, ss kzﬂ1¢1k1*~0*¢0 P1Po

In light that is very bright at both the frequency v, = ‘AG,,ﬂ

and v, :%, we obtain from the Bose-Einstein relations
that Z:’—Z; ~ 1 if the degeneracies of states 0 and 0" and 1 and
1" are the same. In this case, the optically driven steady-state

ratio between states 2 and 0 is given by Equation (18):

(&) o AG+HAGeH %
P
0/ ss, opt

The transitions 0* — 1* and 1 — 2 can be very reasonably
described as “power strokes” and the energy released in these
power strokes is necessary to allow light energy to maintain
a non-equilibrium steady state.

We can contrast this with the equilibrium case where there
is no light and where all transitions occur on the ground-state
surface, in which case Equation (19) applies:

(18)

kOH1k1H2

AGy,+AG AG,
= ~ — e0n 0 — pAGn 19
(P())eq kyiki_o (19)
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The ratio at steady state in bright light is changed from that
at equilibrium by a factor e*%** A% Thjs condition holds also
if the optical densities for a black-body radiator at the same
temperature as the molecular machine are used in the Bose-
Einstein relations,®” as shown by Astumian.”®

What happens, though, if the transitions are caused, not by
light, but by the binding of a ligand, L. In this case, the vertical
transitions must be interpreted as thermally activated process-
es, where we can take the red energy surface to be that for
the ligand bound protein and the blue surface for the un-
bound form, and where Equation (20) applies:

Yo _ CKoox
¢0 ko*ao

It is important to note that although the figure does not
change depending on whether the transitions between the
surfaces are caused by light or by binding of a ligand, the in-
terpretation must change entirely. This understanding is very
important when interpreting diagrams such as those used to
describe, for example, Marcus theory for electron transfer reac-
tions.® As noted, an optically driven system must be inter-
preted as a process in which transitions are driven between
two separate energy surfaces. However, for a system involving
ligand binding/dissociation (or any system driven by internal
processes), the transitions between two effectively 1D energy
surfaces are mediated by thermally activated binding, and dis-
sociation can be described as diffusive motion on a single 2D
energy surface by Equation (1).

Now, when we calculate the steady state in the presence of
ligand, we find Equation (21):

AGoo% —AGy; % +AGy,+AGo% % AGoy

=€

~ = =€
L kzﬁ11/f1k1*ao*¢o

E ~ I/Joko*ﬂ1*¢1k1ﬂ2
PO ss.|

(21)

In other words, the steady state when the transitions be-
tween the two surfaces are mediated by a single thermally ac-
tivated process (binding/dissociation of a ligand) is just the
equilibrium state. This should not be a surprise, but it is com-
forting that the math works out correctly.

This being the case, how can catalysis of a chemical reaction
such as ATP hydrolysis support a non-equilibrium steady state?
Without specifying the details of the chemical mechanism, let
us consider Yo = (aro + Pro) Yy = (an +Ba)s
&0 = (Bro + o), and ¢, = (Br; + a,;) where, by microscopic
reversibility Equations (22) and (23) apply:

af,oﬁf,o - af,1ﬂf,1

CHEMPHYSCHEM
Reviews

When these relations are inserted into the expression for the
steady-state ratio between state 2 and 0, we find Equa-
tion (24):

(&) - Wokox_qx 1Ky, _ (1 + SoeiA'um)(1 +51) Y
Po) e Kooqtikix_oxdy (14 51872 ) (1 + 55)

(24)
and s, = ba

Qe

_ bBro

T

where s,

Both ATP hydrolysis and light absorption can support a non-
equilibrium steady state, but there is a huge difference in the
design principle. For a light-driven process, it is necessary that
AGyxx AGy,, whereas for a chemically driven process this is
not necessary at all. What is necessary is that s; s,, that is, the
kinetic specificities be such that state 0 is specific for ATP (i.e.,
ATP binding/release is fast and ADP and Pi binding/release is
slow in state 0) and state 1 is specific for ADP and Pi (i.e., ATP
binding/release is slow and ADP and Pi binding/release is fast
in state 1).

5.3. Spectroscopy and Dynamical Contributions to Enzyme
Catalysis

Because of the fundamental difference in the symmetry con-
straints for optical versus thermal transitions, it is imperative to
be especially careful in interpreting results based on spectro-
scopic investigations of proteins. In recent work, several
groups have shown that light can induce slightly under-
damped collective motion in a protein,® ¢ lysozyme, where
the frequency of vibration is influenced by whether the protein
is or is not bound by a ligand. These very interesting results,
unfortunately, have led to over-the-top descriptions in press re-
leases from the two groups’ respective home institutions in
which proteins are described as “ringing like bells” while “play-
ing the symphony of life”. High frequency (1-10 THz) modes of
motion certainly exist in proteins and these may well involve
collective dynamics of many degrees of freedom, and may be
somewhat under-damped when excited by light. In the experi-
ments, the damping frequency was found to be about half the
value of the oscillator frequency, around 2 THz. These results
seem to support earlier proposals that there may exist “pro-
tected” degrees of freedom that store energy and that are im-
portant for catalysis and for chemo-mechanical energy cou-
pling.’*?

To better understand whether this proposal is reasonable,
let us consider the implications of the recent spectroscopic re-
sults on proteins in the context of a molecular dynamics inves-
tigation of a small molecule molecular machine, a molecular
rotor (diethyl sulfide) on a gold surface driven by a terahertz

GoBro WP et (22) oscillating electric field applied normal to the surface.” This
work was inspired by experimental studies of thioether molec-
ular rotors.”"’? The THz ac field causes rapid (gigahertz) direc-

and tional rotation of the diethyl sulfide as assessed by molecular
dynamic simulations, where the directionality is governed by

ol _ M — @AGo+AGo¥ % (23) the chirality of the diethyl sulfide. The frequency response was

Ui ProbBra fit with a simple Brownian oscillator model coupled with
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a parametric resonator. A librational frequency”® of 2.4 THz,
with a damping frequency of 1.2 THz was used to fit the mo-
lecular dynamics simulation of the high-frequency rotation in-
duced by the driving. These values are very close to the oscilla-
tor and damping frequencies found for lysozyme. While there
is certainly some inertia, as evident from a few rotations (< 2)
being completed after the field was turned off, the rotation
was completely damped within a picosecond (see also ref.[73]
for a similar discussion on the possible role of dynamics on
enzyme catalysis). The most appropriate onomatopoeia for the
tintinnabulation of this particular bell would be, perhaps,
“thunk”, not to be confused with the past tense of think, an
action with which the description of a protein as a ringing bell
has no relationship.

The source of the damping for diethyl sulfide on the gold
surface is dielectric friction resulting from the interaction be-
tween the electrons of the diethyl sulfide with those of the
gold atoms that make up the surface. Since electrons and
other charged particles are ubiquitous in molecules, the dielec-
tric friction probably sets an insurmountable fundamental limit
for the damping coefficient. Further, as noted above, the catal-
ysis of even a highly exergonic reaction is, from the perspec-
tive of an individual protein molecule, a mechanical equilibri-
um process.

Olsson, Parson, and Warshel” and Kamerlin and Warshel'
have reviewed the literature searching for evidence for “dy-
namical contributions to enzyme catalysis” and found that
within all of the reasonably defined dynamical effects pro-
posed by various groups, none contributes to catalysis. Further,
there is a fundamental reason—microscopic reversibility—that
no enzyme carrying out its function in the ground state can
exploit dynamical effects to store and harness energy. This
recent conclusion is consistent with that of Stackhouse et al.”
who summarize the results of their experiments in the abstract
to their 1985 paper, “no evidence was found to support a sig-
nificant contribution to the rate of catalysis by dynamic funnel-
ing of vibrational energy within the protein molecule”.

75]

6. Microscopic Reversibility and Motor Cycles

Many models for molecular machines involve kinetic cycles.
One of the simplest non-trivial examples is the three-state tri-
angle reaction discussed by Onsager in his paper on reciprocal
relations in chemistry."™ This “triangle reaction” is shown in
Figure 12 for three cases, a) no driving; b) optical driving; and
c) chemical driving, where an external load tends to drive
counterclockwise cycling when X, 0. The ratio of the probabil-
ities for completion of a counterclockwise and clockwise cycle
is equal and the ratio of the products of the net clockwise
rates and net counterclockwise rates are shown for the three
cases of no driving (ND), optical driving (OD), and chemical
driving (CD).

An equilibrium, no driving, realization of the triangle reac-
tion is the isomerization reaction between 1-butene, cis-2-
butene, and trans-2-butene.”” In this case, ryy, =€ (with
Xy = 0) and the probability for a clockwise cycle is the same as
the probability for a counterclockwise cycle as emphasized by
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Figure 12. Triangle reaction with an external load X, and: a) no external
driving (ND); b) optical driving (OD); and c) chemical driving (CD). The ratio,
1, is the probability of a counterclockwise cycle divided by the probability of
a clockwise cycle, and is calculated as the ratio of the product of the coun-
terclockwise rates divided by the product of the clockwise rates. In very
bright light, the optical transition coefficients obey the simple relation

W & wgs and wge & wg. In contrast, the ratio of each forward and reverse
rate constant for each pair of processes that are microscopic reverses of one
another must be proportional to the exponential of the free-energy differ-
ence of the states they connect [see Eq. (2)].

Onsager."® For an optically driven molecular machine, Lehn””
proposed a triangle mechanism for optical conversion between
the anti and syn forms of imines. In the ground state, the
imine is aromatic and hence planar, but in the excited state
the molecule cannot be planar. If the free energies of the anti
and syn are different (AG,3#0) and the molecule is on a sur-
face, constant illumination will result in steady-state cycling. In
this case, rop, = e*®e* and the optically driven transitions
A=E and B=E sustain a non-equilibrium steady state where
clockwise or counterclockwise cycling occurs when X, = 0, de-
pending on whether AG,; is positive or negative.

There are many realizations of chemically driven triangle re-
actions including enzyme-catalyzed isomerization,”® ion chan-
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nels,”? muscle contraction® and the bacterial flagellar

(PrsAe’XE )(1 +sg) eXH where

[811 —
motor.®" For all of these cases, rop = (EERIEN)

_ By

Si=a

i=A,B. Energy from the catalyzed non-equilibrium

(X:#0) chemical reaction sustains a non-equilibrium steady
state if, and only if, s,#sg. The direction of cycling, and the ex-
ternal force necessary to cause the cycling rate to be zero, is
determined by the chemical specificities, s, = ff—i and s = 57‘;
but is independent of AG,g. This recognition is the basis of the
assertion that the power stroke is irrelevant for chemically

driven molecular machines.”®

6.1. Deconstructing the “Power Stroke”

The rate of cycling for a chemically driven motor is given by
Equation (6), Jy = C(1 — rp). The kinetic pre-factor C is a com-
plicated function of all of the rate constants, but it is positive
and definite and so the stopping force and direction of cycling
are determined solely by rcp. The pre-factor C depends kineti-
cally on the applied torque, T, and is important for fitting
torque versus angular velocity data, but has no bearing on the
relevance of a power stroke for the mechanism.

Berry and Berg®" showed that the shape of the torque-an-
gular velocity curve observed for the bacterial flagellar rotor
(similar to the shape in Figure 3 with a=0) is best fit with rate
constants in which most of the physical rotation occurs in the
transition A=2B. An energy diagram for this transition is shown
in Figure 13

The results from Berry and Berg®" are consistent with 6 ~ 1
and a ~ 0, that is, with a situation in which most of the
motion occurs in the B=A transition, and where most of the
torque dependence is absorbed in the rate constant k,s. These

81]

A ) B

Figure 13. Anatomy of a “power stroke”. In clockwise cycling, the motor
moves through the transition B — A. Seemingly, the energy AG,g provides
the power for the power stroke and according to Howard®? allows the
motor to do work against an applied force or applied torque provided
AGyg X,, with a maximum efficiency®” of 77, = AGyg/X:. This analysis is
correct for an optically driven machine, but is totally wrong for a chemically
driven motor. In the thermodynamic control limit, irrespective of whether
AG,g is positive, negative, or zero, a chemically driven motor can do work
against an applied force or applied torque provided X; X,, and the maxi-
mum efficiency is bounded only by unity.

ChemPhysChem 2016, 17, 1719~ 1741 www.chemphyschem.org

1735

CHEMPHYSCHEM
Reviews

fit parameters are very interesting with regard to understand-
ing how the structure of the motor determines its function.
The assertion that this result suggests that the motor operates
by a “power stroke” mechanism is, however, a non sequitor.
The fraction of the step, A6, taken in any transition has noth-
ing to do with whether a power stroke is important for the
mechanism. The further assertion that the fact that most of
the mechanical motion occurs in the transition A=B indicates
that this transition “dissipates most of the available free
energy” is wrong, as can be recognized from the fact that the
experimentally observed angular velocity versus applied
torque can be fit whether AG,; is positive, negative, or zero. It
is not necessary that the load against which a chemically
driven machine works be less than AG,; as claimed by
Howard.® Further, the concept of identifying a fraction of the
dissipation with a single transition is misguided as pointed out
by Hill and Eisenberg who conclusively demonstrated that for
chemically driven motors, as opposed to light-driven motors,
free energy dissipation is a property of the cycle as a whole
and cannot be assigned to one or a few transitions within the
cycle.®

7. Dissipation-Driven Assembly of Non-
Equilibrium Structures

7.1. Enzymes Use Input Energy to Drive a Reaction Away
from Equilibrium

It is often claimed in the literature that having the product of
counterclockwise rate constants equal the product of clock-
wise rate constants (knekegkga = Kgekeakag for the cycle in Fig-
ure 12a) is sufficient to guarantee that the flux J, is zero.
This is not true in the presence of external fluctuations
that cause the rate constants to depend on time. If, for
example, ky = k&Y and ke = ke * " the condition
kackegksa = kgekeakag holds at every instant and yet the system
undergoes clockwise flux. The rate of cycling is dependent on
the details of (t). Indeed, many molecular systems, both bio-
logical and non-biological, can harvest energy from oscillat-
ing,®™ or even noisy,®**" external perturbations to generate
order and to do work, thereby driving a system away from
equilibrium.®®

A simple illustration is shown in Figure 14 where oscillation
of the free energy of an intermediate state and a kinetic barrier
for a Michaelis—Menten enzyme can cause the enzyme to drive
the catalyzed reaction away from equilibrium.®®

The rate constants are given by the expression
k; = k°e?® | = 41,2, where z; are parameters of the enzyme
such as activation volume when the external perturbation,
(t), is pressure; or dipole moment of activation when the ex-
ternal perturbation, 1 (t) is electric field strength, etc.

For high-frequency externally imposed oscillations, the
“steady-state” concentration gradient is given by Equa-
tion (25):%
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Figure 14. Kinetic barrier model for an enzyme. Under the influence of an
external driving, 1 (t), which changes the energy of the intermediate E; and
the kinetic barriers (transition states) the enzyme can drive the reaction S&=P
away from rather than towards equilibrium.

P eny(t) .
[
[S} sS eLH/’(f) .

where the over-bar indicates a time average, and where K., is
the time-independent equilibrium constant for conversion of
substrate S to product P. In Figure 14, z, = —z, =z, and
z_,=2z_,=0, so the steady-state concentration ratio is differ-
ent from the equilibrium ratio by a factor (e7v( ) For the case
shown (and in general when z, + 2z, +z_, +z_, = 0), the over-
all equilibrium constant for the catalyzed reaction, K, is inde-
pendent of the external driving parameter 1 (t). The input elec-
tric energy is P, = y(t)d[Es]/dt and for large, high-frequency
perturbation, the efficiency can approach 100 %.%

An important point to note is that the enzyme itself pro-
vides a mechanism for pumping energy into the system—the
equilibrium constant of the catalyzed reaction itself, K., = kﬁt;
does not depend on 1. The conclusion can be dramatically
emphasized by considering a situation with us = up in the
presence of a high-frequency oscillating or fluctuating pertur-
bation (t) but without the enzyme. Because there is no
mechanism to absorb energy from w(t), the system is in over-
all thermodynamic equilibrium. Then, when we add a small
amount of the enzyme—a catalyst—the reaction spontaneous-
ly moves away from equilibrium until a concentration ratio
given by Equation (25) is reached because the enzyme absorbs
and harnesses energy from (t), a source of energy that could
not be utilized in the absence of the enzyme, to attain and
maintain a non-equilibrium steady state.

We can better understand the effect of an external fluctuat-
ing perturbation in the context of a simple kinetic model in
which y(t) is taken to fluctuate between its maximal (+)
value given by the dashed orange line and minimal (—1) value
given by the solid orange line (Figure 14) with a Poisson dis-
tributed lifetime, I', at each value,” +ypLe—y.

For sufficiently large I" and v, the dominant mechanism is
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Figure 15. Kinetic mechanism for an enzyme, describing the effect of exter-
nally driven Poisson fluctuations between two states, +1. The fluctuations
can drive the reaction S = P away from equilibrium.*”!

These and similar ideas on the effects of external perturba-
tions®® have led to recent advances in the design and syn-
thesis of molecular machines, including those that use dissipa-
tion of energy to achieve self-assembly.®*® One system, in
particular, on which we shall focus, has been termed a synthetic
molecular pump, where externally driven oscillations of the
redox potential leads to formation and maintenance of
a strongly disfavored non-equilibrium structure.'**"

7.2. The Demon is in the Details

In Figure 16 we consider a ring molecule [cyclobis(paraquat-p-
phenylene) (CBPQT)] interacting with a dumbbell-shaped rod
molecule, a bistable [2]pseudorotaxane with a bipydidinium
recognition site, a 2-isopropyphenyl (IPP), shown in green, as
a steric barrier, with one end capped by charged 3,5-dimethyl
pyridinium (PY ™) and the other end capped by a bulky stopper
group (shown in black on the right hand side of the dumbbell)
that provides an insurmountable barrier to the CBPQT ring.
The IPP is connected through a triazole to a ring collecting oli-
gomethylene chain that is terminated by the bulky stopper
group. The ring collecting chain can, in principle, be occupied
by several of the CBPQT rings, but this would be a very high
energy and low entropy structure since even one ring has
a higher energy (by AG,,) on the ring than in the bulk.

Under either reducing or oxidizing conditions, only a very
small fraction of the collecting chains will be occupied by even
a single ring, and the ratio of occupied (assembled, [A]) to un-
occupied (disassembled [D]) forms is given by the equilibrium
expression %) ™ e “%u_However, repetitively changing be-
tween oxidizing and reducing conditions pumps a ring onto
the collecting chain with almost unity certainty, and a second
cycle can even place a second CBPQT ring on the collecting
chain to form a highly non-equilibrium structure.®” Energy is
dissipated each time the redox potential is changed, and some
of this energy can be used for assembling non-equilibrium
structures. The mechanism can be considered in analogy with
the action of a molecular “demon”B"* 2% which selects
a path that leads to an ordered structure over another path
that leads to a disordered structure, as illustrated in Figure 17.

External modulation of the redox potential allows the
system to act as a Smoluchowski’s energy demon or energy
ratchet (Figure 18a) whereas catalysis of a non-equilibrium

S+E =E;=E;=E" +P with an effective “equilibrium” con-  chemical reaction can power a Maxwell’s information demon
stant of - k kz = (e?)? (Figure 15). or information ratchet (Figure 18b).
ChemPhysChem 2016, 17, 17191741 www.chemphyschem.org 1736 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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reduction
oxidation

Figure 16. lllustration of a synthetic molecular pump. The energy profiles for
a ring under both reducing (top) and oxidizing (bottom) conditions are
shown, where the overall free-energy difference between having a ring on
the collection site is the same irrespective of whether the ring is oxidized

(CBPQT**) or reduced (CBPQT>"™).

Assembly
W o A
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Disassemk@ 3 h 5

D

Figure 17. lllustration of a molecular demon that selectively shepherds

a ring in an intermediate state to assemble rather than disassemble even
though the assembled state is higher in energy. The demon can operate
either as a blind energy ratchet (Smoluchowski demon), raising and lowering
the energies of states and barriers irrespective of the state of the molecule,
or as a sighted information ratchet (Maxwell demon), raising and lowering
barriers depending on the state of the molecule. The design principles nec-
essary for synthetic implementation of the two types of “demons” are very
different.['%*

The steady-state ratio [A]/[D] for both mechanisms can be
easily calculated, and the task becomes particularly simple
when the transitions denoted by the red arrows are taken to
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Figure 18. Driving by a) an external fluctuation that results in an energy
ratchet mechanism; and by b) an energy-releasing catalyzed reaction that
results in an information ratchet mechanism.

3

be very slow. For the energy ratchet, Figure 18a this can be
calculated as the product of the “equilibrium” constants along
the path D=D*=|*=I=A to give Equation (26):

[A]

(ﬁ) et KKy = 27 A0 A0 (26)
ss.en. ratchet

The transitions D*—I* in the reduced state and | — A in the
oxidized state are both power strokes with equilibrium con-
stants greater than unity, so the external modulation between
reducing and oxidizing conditions supports a non-equilibrium
steady state in which it is more likely for the collecting chain
to be occupied than not despite the unfavorable AG,,,.

The power strokes for this pump are absolutely essential.
Absent the increase in the energy of the complex between the
ring and recognition site in the oxidized state relative to the
reduced state the mechanism fails. Similar ideas have been
used in the design of light-driven motors,®°**! where the
power stroke is also essential. When considering from a theo-
retical standpoint how to turn these mechanisms into autono-
mous chemically driven motors, it soon became apparent that,
because the principle of microscopic reversibility constrains
the transition constants of the exergonic catalyzed reaction,
a power stroke is not sufficient to allow the energy released by
the reaction to drive pumping.” Even more surprisingly, per-
haps, the power stroke is not even necessary. This can be seen
by calculating the product of the ratios of the forward and re-
verse rates for the path D=D*=[*=[=A in the mechanism
shown in Figure 18b to obtain Equation (27):

(W) Kk (a0 + Bro) (ctry + Bry) o)

ﬁ (ar,D + ﬁf.D) (af,l + ﬂr.l)
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By applying the constraints of microscopic reversibility

a B X i
rr,iﬂr,i = =D, A (28)
and
Oy _ ﬁr,Dﬂf,l _ @, [e231e9N _ BeiBea _ ﬁ (29)
ArpUy) ﬁf‘Dﬂr.l K3, ! Ay O A ﬂf.lﬁr‘A K
to Equation (27), we obtain Equation (30):
A 1 (1
(u) — ( + sDei)(h )( + Sl) e—AGou( (30)
[D] ss,inf.ratchet (1 +5Ie ")(’I +SD)
where s, = Q«_E and s, = {j—f; .

The presence or absence of a power stroke is, simply put, ir-
relevant in the information ratchet mechanism by which all
chemically driven molecular motors function. The essential re-
quirement is seen to be a mechanism for gating the catalysis
such that reaction with substrate is fast and reaction with
product slow in one state of the mechanical cycle, and reac-
tion with substrate slow and reaction with product fast in a dif-
ferent state of the mechanical cycle. This is achieved in Fig-
ure 18b when sy < 1 < s,. This gated specificity assures that
the mechanical and chemical steps are interleaved with one
another, a condition that, combined with X; 0 for the cata-
lyzed reaction, is both necessary and sufficient to assure direc-
tional pumping of the rings onto the collecting chain.

The energy ratchet is a power stroke mechanism—if AG*
and AG are both zero, there is no enhancement of the assem-
bled structure versus the disassembled structure. In contrast,
although there may be power strokes, an information ratchet
is not a power stroke mechanism. The enhancement of the as-
sembled structure versus the disassembled structure is inde-
pendent of AG* and AG and is governed solely by the specific-
ities. We can better understand the constraints of microscopic
reversibility by considering a kinetic lattice model of the infor-
mation ratchet as shown in Figure 19.

This mechanism is very similar to that described by Jencks
for a Ca ATPase ion pump,®® and was proposed explicitly by
Astumian and Derenyi for understanding ATP-driven ion pump-
ing by membrane ATPases.*™ A similar picture was given very
recently by Alhadeff and Warshel® for a sodium/proton anti-
porter. The mechanism in Figure 19 is an information ratchet
because the essential requirement is that the specificity of the
catalytic active site is controlled by the mechanical state of the
ring. A chemically driven information ratchet has recently been
synthesized by Leigh and colleagues.”™ The key design criteri-
on for the autonomous chemically driven information ratchet
is that the transitions leading off of the coupled pathway be
slow, indicated here by the red arrows. Given this, mass action
resulting from the non-equilibrium chemical reaction driving
the system from top to bottom leads to a significant enhance-
ment in the amount of the assembled product at the steady
state as shown in Equation (30).
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Figure 19. A kinetic lattice model to describe the mechanism of using
energy released by catalysis of a chemical reaction to pump a ring from the
bulk onto a high-energy collecting site. The green zigzag path denotes the
desired mechanism for coupling.

The essential difference between an energy ratchet, which
describes the effect of external and optical driving, and an in-
formation ratchet, which describes the operation of an autono-
mous chemically driven molecular machine, is microscopic re-
versibility. The constraint Equation (29) can be rewritten as:

Kot p i,
K 51 p Oy

KDlﬂf,Dﬁr.l

_ _ Kiatte 0 _ KIAﬁf.IﬂnA -1 (31)
K§|ﬁr,oﬁf.| Kr/:af‘lar‘/\ Kff\ﬂr.lﬁf,A

Equation (31) represents the discrete equivalent of the curl-
free condition V x VU(6,&) = 0 for the gradient of the under-
lying potential. From the point of view of a single molecular
machine, chemo-mechanical coupling is an equilibrium process
in which the internal degrees of freedom of the protein or
macromolecule remain in equilibrium at every instant. The
coupled processes can be described as motion on a single
time-independent multi-dimensional energy landscape. Ther-
modynamic disequilibrium in the bulk is manifest by changes
in the frequency of carrying out forward and reverse trajecto-
ries on this landscape (i.e., by mass action), but not by
a change in the character of the motion of the machine from
the equilibrium case. The constraints of microscopic reversibili-
ty ensure that kinetic and reaction diffusion models for molec-
ular motors and pumps are consistent with an underlying pic-
ture of diffusive motion on a single potential energy surface as
described by Equation (1).

8. Conclusion

In their 1981 discussion of why “free energy transduction
cannot be localized at some crucial part of the enzymatic
cycle”,®¥ Eisenberg and Hill observed that the disagreement in
the field regarding this point was only conceptual. Neverthe-
less, they argued, resolution of the controversy was important
because of the great amount of intellectual and experimental
effort devoted to finding the crucial step (power stroke?) and
energized state (pre-power stroke state?) in the overall mecha-
nism. Hill and Eisenberg point out that the basic idea—that
there is a crucial step—is wrong and that free energy transduc-
tion by chemically driven molecular machines must be under-
stood in terms of the cycle as a whole.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Science has progressed to the point where it is possible to
study biomolecular machines at the single-molecule level,"™®
and even to synthesize molecular machines.”'® The controver-
sy highlighted by Hill and Eisenberg 35 years ago now has
very practical implications—the chemical requirements for syn-
thetic design of an energized state, the escape from which is
driven by a power stroke, are very different than the require-
ments necessary to achieve gating of a catalyzed reaction de-
pending on the state of the catalyst.

The necessity of the power stroke for light-driven and exter-
nally driven processes may explain why experiments often find
that there are in fact strongly exergonic conformational
changes in the mechanisms of molecular machines. In the ear-
liest stages of evolution, the machines necessary to carry out
transport, pumping, and other essential tasks may well have
been driven by light, or by periodic changes in the thermody-
namic parameters of the system, for example, by circulation in
a temperature gradient near a thermal vent. Subsequent evo-
lution developed allosteric gating mechanisms to allow for uti-
lization of energy from a catalyzed chemical reaction, but
there was never pressure to eliminate the vestigial “power
stroke” from the operation of the precursor molecular ma-
chines that evolved to become muscle, flagella, kinesin,
dynein, FoF, ATP synthase, etc. Thus, experimentalists, when
seeking the structural origins of the power stroke, do indeed
often find strongly exergonic conformational changes in the
mechanisms of many biomolecular motors to which they can
point. The pseudo-deterministic models invoking these power
strokes are very attractive and persuasive from a macroscopic
perspective. It is only by examining the mechanisms through
the lens of microscopic reversibility that we are able to see
that in fact the naive conclusions regarding the importance of
the power stroke for chemically driven motors and pumps are
not correct. The directionality and thermodynamic properties
are instead governed solely by chemical gating—the ability of
the molecular complex to discriminate different mechanical
states of the motor. One of the most important agendas for
development of autonomous chemically driven molecular ma-
chines is achieving better control of allosteric mechanisms by
which gating can be achieved.”” " It can be expected that
the ongoing efforts devoted to the design and construction of
synthetic molecular pumps and motors will result both in
better understanding of biomolecular machines, and in the de-
velopment of remarkable tools for organizing complex
matter,'® for developing networked nanoswitches for cataly-
sis,l'® and for harnessing the power of molecule-by-molecule
assembly.""*

Physical Perspectives on Molecular Machines

1. Molecular machines can be understood in terms of their
free-energy landscape, not by analogy with macroscopic
mechanical devices.

2. Directionality of chemically driven molecular machines op-
erating under the thermodynamic constraints of reactant
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and product concentrations is governed by barrier heights
(transition states), not by well depths (state free energies).

3. Thermal noise is essential to the operation of chemically
driven molecular machines, although the free energy barri-
ers of the relevant coupled allosteric changes dictate di-
rectionality.

4. Enzymes, including chemically driven molecular machines,
operate at mechanical equilibrium.

5. Microscopic reversibility provides a fundamental thermo-
dynamic grounding for development of a theory of chemi-
cally driven molecular machines.

6. Light-driven processes are fundamentally different to ther-
mally activated processes, and analogy between the two
can lead to seriously incorrect conclusions.

7. The presence or absence of a power stroke (an exergonic
conformational change) is irrelevant for determining the
direction and thermodynamics of chemically driven molec-
ular machines.

8. In contrast, optical and externally driven molecular ma-
chines can (and often do) operate by a power stroke
mechanism.

9. The best description of the overall mechanism by which
an exergonic reaction is coupled to drive mechanical
motion is “mass action”.

10. A complete understanding of the mechanism of a molecu-
lar motor can be gained only by viewing the chemo-me-
chanical cycles holistically. Experiments on parts of the
cycle can fill in the details, but over-interpretation often
leads to erroneous conclusions, especially when analogies
are drawn with macroscopic elements.
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